Abstract: Early detection of ovarian cancer is only achieved in around 20% of women due to lack of effective screening. We propose a method for surveillance of high risk women based on a microendoscope introduced transvaginally to image the fallopian tubes and ovaries. This requires extreme miniaturization of the optics and catheter sheath. We describe the design of a falloposcope that combines optical coherence tomography (OCT) and wide field imaging into a sub-1 mm diameter package. We characterize the systems and show that they provide contrast on ex-vivo samples of ovary and fallopian tube. In addition, we show the mechanical performance of the endoscope in an anatomically correct model of the female reproductive tract. 
Introduction
Ovarian cancer poses a particular challenge for optical imaging due to its deep anatomical location and relative lack of knowledge about its origin and natural history. Recent studies have suggested that what we call ovarian cancer is a complex collection of diseases. One form, high grade serous carcinoma (HGSOC), is the most lethal and responsible for over 70% of ovarian cancer mortality. A growing body of evidence indicates that a significant fraction of this form originates in the distal fallopian tube and migrates to the ovary [1] [2] [3] [4] [5] [6] . For cases originating in the fallopian tube, a method that could interrogate the lumen of the fallopian tubes and ovaries at a cellular level, while tumors were less than 0.5 cm, could improve early detection [2, 3] . Existing screening methods such as the CA-125 blood test, palpation, and transvaginal ultrasound lack the necessary sensitivity, specificity, and resolution for early diagnosis and may result in false positives [7, 8] . Positive indications are followed by further testing, such as laparoscopy, to confirm diagnosis or explore the extent of the disease. Optical methods, which have micron-scale resolution, are non-invasive, can be miniaturized and are particularly well suited for imaging in a conduit [9, 10] . Optical fiber-based methods provide the needed flexibility to access a deep site like the ovaries and may provide the same confirmation of diagnosis as laparoscopy while minimizing the use of potentially unnecessary invasive procedures for women with increased risk of developing ovarian cancer.
Falloposcopy was performed in-vivo in the early 1990's to investigate blockages as potential reasons for infertility [11, 12] . Early falloposcopes used white light delivered through a 0.65 to 1 mm diameter endoscope. Due to the small size requirement, these falloposcopes were limited to a single 3,000 element fiber bundle. To aid introduction into the fallopian tube, the physician used a hysteroscope to access the uterus and visualize the tubal ostium. The lumen was first cannulated with a guide wire before saline irrigation at a pressure of 200 mmHg (0.26 atm, 3.8 psi) [11] was used to open the lumen and facilitate the introduction of the catheter over the guide wire. Once the falloposcope reached the distal end, imaging was performed as the catheter was retracted. While appropriate for the investigation and traversal of macroscopic well-defined blockages, these endoscopes were limited by low resolution and, similar to limitations of white light based colonoscopes, could easily miss small and /or low-intrinsic-contrast suspicious sites [13] . Advances in optical methods, new materials, and construction techniques make it possible to build a new generation of falloposcopes that can better image the tubal mucosa with sensitivity to early stage disease.
Two complementary methods of optical interrogation are used to examine the structural and functional signatures of the fallopian tube. Optical coherence tomography (OCT), an interferometric technique that uses near-infrared light, can image through the lumen surface to around 1-2 mm deep, capturing the microstructural organization in the mucosa and submucosal layers. OCT has been used successfully by our laboratory to distinguish between normal, cancerous, and benign conditions in ex-vivo samples of human ovary and fallopian tubes [9] . OCT has also been successfully used laparoscopically for cancer detection for the ovaries [14] , as well as to detect cases of pelvic inflammatory disease in the fallopian tubes [15] . Wide field imaging, including multispectral reflectance and autofluorescence [16] , can be used for navigation as well as discrimination between normal, benign and cancerous tissues. This method has shown promise for identifying disease in ex-vivo human ovary and fallopian tube samples [17] . Autofluorescence imaging utilizes the endogenous fluorophores in the body (e.g. NADH or collagen) to create contrast. Previous studies have also shown that UV excitation at 270 nm, 320 nm and 340 nm may be of particular interest [9] . In-vivo, imaging of the fallopian tube lumenal surface has been accomplished in women both from a distal laparoscopic approach using a 2 mm articulating confocal microendoscope [18] and a proximal uterine approach using a 1.2 mm forward viewing white light scanning fiber endoscope [19, 20] . Although promising, neither endoscope was able to traverse the entire fallopian tube, suggesting that a smaller, more flexible and steerable endoscope may be necessary to fully interrogate the target.
Recent advances in optics and materials have enabled the development of sub-millimeter endoscopes and needle probes to be used in human studies. The design challenges of these probes lie not only in the limits of miniaturization of optical components but also in achieving large field of view, flexibility, and mechanical stability. Single fiber probes in a rigid rod or needle can be small diameter [21] [22] [23] , but are limited to either large cavities or tissues that can be safely punctured. Side-viewing, rotational and/or pull-back scanning endoscopes can be small and flexible [24] . Forward-looking endoscopes typically have larger total outer diameter, due to the need to utilize fiber bundles, relatively bulky scanning mechanisms or CMOS detectors. By using a grating to spread light and spectral encoding to maintain resolution, Kang et al., have been able to make durable 500 μm diameter probes [25] . Sideviewing probes designed in this fashion can then be rotated and pulled back to achieve wide field imaging. All fiber, side-viewing OCT probes can be made the same diameter as the optical fiber itself, ~160 μm, although sheath material will add to this diameter [22, 25] . The use of a double-clad fiber has enabled simultaneous OCT and point-scanning fluorescence imaging with one 310 μm diameter fiber [27] . For forward viewing systems, solutions include use of a fiber bundle [28] , which is appropriate for wide field imaging but remains in the early stages for use with OCT [29] , use of piezo scanning mechanisms for use with single fibers [20] , or moving optical elements [30] . Depending on the diameter and design of the optical system, a wide field of view is possible. Fiber bundle systems are typically the smallest option but are limited in resolution to the number of core elements. Combined forwardlooking fluorescence and OCT endoscopes have been previously utilized but are typically larger than 1 mm in diameter, such as a 4 mm diameter probe for bladder cancer detection [31] . For forward-looking multimodal endoscopes smaller than 1 mm, space is at a premium and passive lens-based imaging is more suitable than electrically actuated moving parts or counter-rotating prisms [32] .
The overall objective of this study is to create a sub-millimeter, flexible, steerable endoscope that is capable of wide field imaging (including reflectance and fluorescence) and OCT. Our long-term goal is to detect early stage disease in the fallopian tubes in a point-ofcare setting. This endoscope is also a platform for other novel, sub-1 mm diameter highly capable probes. This falloposcope expands on previous work by enabling the lumen of the fallopian tube to be examined from a trans-uterine hysteroscopic-based approach rather than laparoscopically. We discuss the physiological design limits and the optical mechanical design and performance of the falloposcope.
General design
The challenges of designing a highly capable microendoscope for the fallopian tubes relate to the mode of access and the tortuosity of the tubes. An instrument needs to pass the cervix via the working channel of a hysteroscope and enter the fallopian tube ostium on the uterine wall. The diameter of the fallopian tube at the ostium is approximately 1 mm and expands to approximately 1 cm at the fimbriae over a length of 12 -15 cm [33] . At the distal end, part of the fimbrial structure is attached to the ovary, which itself is approximately 4 cm in diameter. Therefore, the falloposcope must be small enough to pass through the ostium but also have a large enough field of view, or be steerable, to image the distal tube and surface of the ovary. The fallopian tube is curved in a patient-specific manner. The lumen of the tube presents another challenge, as it is filled with epithelial folds, mucus, and is typically collapsed on itself, rather than open and fluid-filled like a blood vessel. This means that the entire endoscope must be flexible, the distal end should track in the tube, and the sheath should be smooth, lubricious, and biocompatible. Navigation is essential and therefore the probe should incorporate at least one forward viewing modality with a large field of view to visualize the walls of the tube and opening. Other imaging modalities with higher resolution can be sideviewing in order to better interrogate the potential site of disease, the tubal walls and fimbriae. showing detailed inner components and the orientation in the sheath. The illumination fiber is shown in red (top) and in gold (bottom left), the OCT fiber in orange, and the fiber bundle in black. In this iteration, we use a single 638nm fiber coupled laser for illumination and image the proximal fiber bundle face onto a PIXIS camera. The OCT probe is incorporated as the sample arm into an existing tabletop OCT system. The distal tip uses a ferrule (grey) to hold the components (fiber bundle, GRIN lens, two pull wires, illumination fiber and OCT fiber). These inner components are within the outer sheath of heat shrink (clear tip) and polymer (purple). Photos of the probe are shown (bottom right) with the heat shrink peeled back (top) to reveal the optics and with the heath shrink and outer sheath in place (bottom). Scale bas are 0.5 mm. Figure 1 depicts the system overview as well as the optical components and mechanical housing of the distal tip of the falloposcope. The optical components consist of 1) an all-fiber side-viewing 125 μm OCT probe, 2) a tapered 110 μm low-OH illumination fiber, and 3) the imaging system which, in this iteration, is a 3,000 element fiber bundle with 250 μm diameter gradient index of refraction (GRIN) imaging lens. These optical components are connected to and aligned by a distal ferrule. The 3 mm long, 560 µm diameter ferrule has slots cut into it with wire electrical discharge machining (EDM) to accommodate the three optical components. At the proximal end of the endoscope the fibers pass through a handle and are then connected to their respective tabletop systems. The sheath varies in material over its length, distally attaches to the ferrule and proximally to the handle. The steering mechanism consists of two flat wires that traverse the full length of the sheath attached distally to the ferrule and proximally to the articulation controller in the handle. The following sections discuss each of these in detail.
Optical components

Optical coherence tomography
The fallopian tube lining is composed of plica extending into the lumen covered by an epithelium of ciliated columnar cells and secretory cells. This epithelium thickens in serous tubal intraepithelial carcinoma (STIC-the putative precursor to ovarian cancer) to at least 4 -5 cell layers [2] , or approximately 50 μm. With an axial resolution of a few micrometers, OCT is able to identify this thickening adequately. To achieve a desired high axial resolution, we utilize a super luminescent diode (Superlum, Moscow, Russia) with a center wavelength of 890 nm and a bandwidth of 150 nm, yielding a theoretical axial resolution of 2.3 µm in air. This light source is incorporated into a Spectral Domain OCT table-top system previously described in detail [34] . An all-fiber based OCT sample arm probe with an outer diameter of 125 µm, as first explained in Lorenser, et al. [22] , was designed, built, and incorporated into the falloposcope.
For this application, lateral resolution is less important than axial resolution, and a specification of 15 µm lateral resolution is sufficient to locate small STICs and to have a reasonable depth of focus of approximately 1 mm (defined as twice the Rayleigh range). The desired focus was 700 µm outside the falloposcope sheath so that the epithelium was within the depth of focus when the probe was placed in contact with the tissue. We modeled the desired behavior using ray-matrix tracing for Gaussian beams in Matlab (The MathWorks, Natick, Massachusetts) using a method described previously to determine lengths of large core fiber (for beam expansion), GRIN fiber (for focusing), and additional large core fiber (to polish for side firing) [35] . To assemble the probe, we spliced together the components: a 2 meter length of single mode fiber (780HP, Thorlabs, Newton, NJ) with the distal ~3 mm stripped of coating, 325 μm length of multimode fiber (FG105LCA, Thorlabs, Princeton, NJ), 95 μm length of GRIN fiber (GIF625, Thorlabs) and an additional 300 μm length of multimode fiber using a Vytran filament fusion splicer (FS-2000, Vytran). Longer lengths were initially spliced, then after each operation the component was cleaved to length under a stereoscope using a cleaver (FK11, York) modified with a micrometer to enable precise length control before splicing to the next component. The distal face was polished to a 48° angle with respect to fiber diameter using a bare fiber polisher (Radian Fiber Polisher, KrellTech, Morganville, NJ). This angle is sufficient for total internal reflection assuming a fiber-air interface.
At the end of this process, the OCT probe is 125 μm diameter (bare fiber diameter) for a length of 3 to 4 mm while the remainder of the 2 m length is 250 μm diameter with the acrylate coating intact. The ferrule has a 3 mm long groove of diameter 135 μm that aligns and protects the delicate distal 3 mm of the OCT probe. Glue is placed at the proximal 1 mm of the ferrule to hold the OCT probe in place and wicks onto the remaining bare fiber, creating additional support and stress relief. The OCT probe used in this prototype is shown in Fig. 2 left. The OCT probe was incorporated into the 890 nm Spectral Domain OCT system and an image of a roll of cellophane tape (Fig. 2 right) confirms adequate performance of the probe by detecting the approximately 50 μm thick alternating layers of adhesive and cellophane film. Lateral resolution was determined to be 12.5 µm by measuring the edge response from scanning the probe across lines on a reflective United States Air Force (USAF) bar target. A profile was measured across the edge using ImageJ. This data were then median filtered and fit to a sigmoid of the form:
where a, b, and c are fitting coefficients and x the data. The line spread function (LSF), the system's response to a line, is approximated by full-width half maximum of the first-order derivative of this curve. Scanning for image acquisition can be obtained by manual rotation and/or pull-back of the entire falloposcope.
Wide field imaging
Wide field imaging, which may include white light, narrow band, or multispectral fluorescence and reflectance imaging, is the forward viewing modality used to aid navigation and scan for areas of abnormalities. The desired specifications are a working distance of 3-10 mm with a minimum of 60° field of view. Multispectral imaging relies on being able to illuminate the tissue with multiple wavelengths in a concerted manner, building up a stack of reflectance and/or fluorescence emission images. Our illumination system is capable of accommodating white light plus any individual wavelength that can be reasonably coupled into a 100 µm core diameter fiber. In our case potential wavelengths are from UV (250 nm) through visible (638 nm) [36] . The table-top imaging system images the proximal end of the fiber bundle with a 20X Olympus objective onto a CCD camera (PIXIS 1024, Princeton Instruments, Trenton, NJ), through an optional set of emission filters.
Illumination
Due to the size limitations in the falloposcope, there is clearance for only a single illumination fiber. The fiber had to meet the following requirements: 1) have a total outside diameter small enough to fit through the sheath and a cladding diameter small enough to be accommodated in the ferrule, 2) provide illumination for the full 60° field of view of the imaging optics and 3) accommodate UV wavelengths as short as 250 nm and full visible range, to accommodate multiple designs. To achieve this, the maximum outer diameter of the coating was set at 125 μm. The required emission NA, considering the size of the imaged field of view and the offset between the illumination fiber and the imaging fiber, is 0.55. To encompass all potential wavelengths, a low-OH fiber core was required. No off-the-shelf low OH fibers of the required diameter met the required NA, so we modified a low-OH core fiber with 100 µm core and 110 µm cladding diameter (FIP100110125, Polymicro Technologies, Phoenix, AZ) with an inherent NA of 0.22. By tapering the fiber, as shown in Fig. 3 , we are able to nearly double the illumination NA, according to:
where A is the cross-sectional area of the fiber and the NA is the numerical aperture before and after tapering. The approximately 2 mm long taper was created by first stripping a short segment of the fiber to remove the polymer coating and then cleaning thoroughly using isopropyl alcohol solution. The stripped segment was then heated up to softening temperature using a butane torch while both fiber ends were pulled apart simultaneously using a motorized stage. The diameter of the fiber in the heated region was reduced gradually as the fiber ends pulled apart. We stopped the pulling process when the fiber diameter reached 10-20 microns at the total pull length of ~1 cm. The tapered fiber was then taken out of the pulling apparatus and cleaved at the thinnest point to form the final device.
Illumination spot diameters were measured at working distances of 3, 5, and 10 mm. The respective illuminated diameters are 4, 5 and 10 mm at the full width half maximum of the line profile, as measured across an image of the beam diameter in ImageJ. This approximately doubles the illumination spot diameter compared to this fiber without a taper (1.3, 2.2 and 4.5 mm, respectively). No visible speckle was noted with tapered fiber illumination. The polyimide coating is strong enough to protect the fiber and smooth enough to fit in the sheath with the other fibers. The ferrule slot is cut to fit this fiber with a 10 µm tolerance and the 3 mm length of the ferrule supports the delicate and bare fiber taper. This fiber drops easily into the slot and is moved to be just set back from the distal end. Glue is placed at the proximal 1 mm of the ferrule to secure the fiber in place and allow for the air interface needed for the tapering effect.
Imaging
To meet the requirements of flexibility and size, we utilize a 3,000 element fiber bundle (FIGH-03-215S, Myriad Fiber) with a 285 μm total diameter and fiber core to core spacing of 3.1 -3.4 μm. Positive working distance imaging is accomplished by cementing this fiber together with a 0.25 mm diameter GRIN lens (GT-IFRL-025-005-50-NC, Grintech, GmbH, Jena, Germany). The GRIN lens was chosen due to its size and specified paraxial magnification of 23 at a working distance of 5 mm, our nominal desired distance. At these specifications, and with an imaging circle size of 190 μm on the fiber bundle, the system images a 4.4 mm field of view. This design is simple, easy to build, align and affordable for larger scale production, albeit the use of GRIN lens restricts collection of light to wavelengths above approximately 400 nm due to material absorption in the UV. However, UV illumination wavelengths are still useful as they produce visible tissue fluorescence that can be detected. Assembly was performed by hand under a stereomicroscope. This was possible owing to the ferrule's 5 μm tolerance from the wire EDM process and similar diameter between the fiber bundle and GRIN lens. Small drops of glue were placed on the outside of the lens which wicked through the space between the GRIN lens and ferrule. Additional glue at the proximal end of the fiber bundle/ferrule interface held the fiber bundle. No glue was placed between the fiber bundle face and GRIN lens to avoid potential fluorescence, aberrations or artifacts from the glue. A USAF bar target was imaged at different working distances to determine the resolution and field of view (FOV). Due to the lack of image space telecentricity, the FOV and associated resolution changes at various working distances. At the target working distance of 5 mm, Group 2 Element 3 is visually resolved, as shown in Fig. 4(A) , corresponding to a resolution of 100 μm and a FOV of 4.4 mm. At 3 mm working distance the FOV and resolution are 1.2 mm and 50 μm, respectively, whereas at 10 mm working distance, they are 8.8 mm and 200 μm, respectively. Fluorescence imaging, while not the focus of this paper, is demonstrated by imaging a cuvette of rhodamine solution illuminated with 513 nm light (Fig.  4(C) ). A 590 nm narrow band emission filter (Fig. 4(B) ) was placed in front of the Pixis camera. The falloposcope tip was placed approximately 1 cm away from the cuvette so that the entire band of fluorescence in the cuvette was in the field of view.
Mechanics
The foundation for the mechanics is the custom stainless steel ferrule. All parts were set into place using a medical grade quick set cyanoacrylate (MB297MED, Masterbond, Hackensack, NJ). The cyanoacrylate was chosen over UV curing adhesives or two-part epoxies because its high viscosity of 2,200 -2,400 cps minimized undesirable wicking and fast curing time (< 60 sec) allowed the components to be fixed in place while maintaining alignment. Two-part epoxies cure too slowly to maintain alignment and UV curing adhesives are inappropriate because the glue is placed between opaque materials, e.g. stainless steel and polymer, and therefore may not cure fully. In addition to the optical components described above, the ferrule is also the attachment point for steering wires. Steering is achieved with the use of two stainless steel flat wires (25 μm x 75μm, Fort Wayne Metal) which are glued to flats on the outside of the ferrule. Gluing minimized the diameter over other common methods of attachment such as a u-bend. The small size of the wires and ferrule makes welding difficult.
The sheath was designed to: 1) be of small enough outer diameter to easily fit through the ~1 mm diameter ostium opening, 2) be of large enough inner diameter to accommodate the ferrule/optics/wire assembly as well as enable threading of the fibers and wires through its 1 m length, 3) be atraumatic and flexible, yet pushable, through most of its length, and 4) accommodate very high flexibility and minimal rigid length at the distal end to allow steering. The overall sheath is 1 m in length: this is to travel the length of the fallopian tube (7 -15 cm), traverse the hysteroscope (26 to 34 cm), and have additional length for the physician to manipulate the handle comfortably away from the patient. Fig. 5 . Overview of the falloposcope prototype. The red handle (left) was 3D printed in PLA to help assess ergonomics while showing proof of concept for connections. The falloposcope exits the left side, the handle is designed to be help upright in one hand, and the three fibers exit the right side where they are connectorized proximally. The distal sheath (right) is shown bending with a pull wire activated and straight in its neutral position. The scale bar is 2.5 cm.
Laser-cut stainless steel hypotubing was initially tested for the sheath due to its wellunderstood mechanical properties, low cost, biocompatibility, and ability to be sterilized by multiple methods. This design was ultimately rejected due to the high friction both between sheath and fibers/wires, and sheath and tissue, necessitating the use of PTFE liners which increased diameter and were difficult to push into place. The stainless steel hypotubing was also fragile when laser cut at the wall thicknesses desired. At a 50 μm wall thickness and 0.7 mm outer diameter, the tubing tended to buckle under compressive strain and could fail due to fatigue under repeat bending. The increases in diameter and wall thickness necessary to mitigate these problems were too large to be acceptable for the falloposcope. However, lasercut stainless steel with PTFE liner and lubricious coating may be an attractive design option for other (larger diameter) applications.
Polymers and multilayered tubing can be made with thinner walls compared to metal while still maintaining the desired pushability. Multilayered tubing can incorporate a PTFE liner, facilitating placement of the pull wires and fibers in assembly. Its strength comes from braided stainless steel wire and biocompatible coating from an outer polyimide layer. The braided tubing effectively transmits torque, meaning that proximal rotation of the sheath handle is transmitted to the distal tip, providing intuitive control. A multilayer braided sheath (142-0015, Vention Medical, Salem, NH) 0.787 mm outer, 0.635 mm inner diameter was used for the majority of the length of the falloposcope.
Pebax nylons come in a variety of Shore D hardness ranges, yielding options for portions of the endoscope where greater flexibility is needed, in our case the steered distal tip. Off-theshelf Pebax35D tubing (2 Fr sheath, Zeus Medical, Orangeburg, SC) was used for this purpose in the distal 5 cm. This tubing has a 0.66 mm inner diameter and wall thickness of 0.127 mm, for a total outer diameter of 0.914 mm. Custom Pebax tubing maintaining the inner diameter but thinner walls can be used to match the outer diameter of the braided tubing. Polymer to polymer bonding such as Pebax to the multilayer sheath tend not to be amenable to adhesives. Bonding at this site was achieved by heat to the multilayered sheath with plasma treated possible for other attachment methods. At the ferrule, the Pebax was attached using adhesive and thin-walled polyester heat shrink (103-0156, Vention Medical, Salem, NH), which extended to the end of the ferrule, protecting the fibers and allowing transmission of the 890 nm light of the OCT system.
At the proximal end of the falloposcope, a handle was designed that provided ergonomic manipulation of the falloposcope, pass-through and strain relief (using SMA connectors) of fibers, and manipulation of the pull wires. A 90° bend in the falloposcope distal 5 cm Pebax section (the purple material in Fig. 5 ) was achieved when the pull wires were translated 4 mm. The bending radius was limited by the fibers stiffness, the force applied to the wires as well as the ratio between the length of the rigid ferrule (3 mm) and the length of the Pebax, like any cantilever. The pull wires were tensioned to a pulley in the handle during assembly of this prototype, and the pulley was designed to actuate 90° bend, or 3.4 cm bend radius, with an approximately quarter-turn of the pulley knob. Improved bending of the distal tip could be accomplished by fixing the pull wires in their own guidance channels. The current handle was 3D printed with PLA, and the pulley and knob are machined aluminum. Photographs of the assembled falloposcope are shown in Fig. 5 .
Results
Imaging in a tissue model
The falloposcope is designed to traverse the working channel of a hysteroscope. To show proof of concept, we use the working channel and the light from a neonatal intubation fiberscope (11301AB1, Karl Storz, Germany). Figure 6 (A) shows our prototype entering the working channel and the inset shows the falloposcope exiting the distal working channel. Finding, docking with and entering the ostium is a known challenge; one that can be eased by using the hysteroscope video system to visualize the uterine wall and falloposcope together on one screen. Once inside the tube, the falloposcope forward viewing channel helps the user navigate down the lumen and the soft tip helps track along the wall without puncturing it. To test the falloposcope mechanics and simulate physician use, we tested it in the University of Arizona Simulation Technology and Education Center (ASTEC) using an artificial tissue model created through a collaborative between Syndaver®Labs and ASTEC, shown in Fig. 6 . The model is made of hydrogels that includes embedded red and blue threads to simulate blood vessels. The inner diameter of the ostium on the model is 2.5 mm. Figure  6 (B) shows the outside of the model with the falloposcope for scale (the white arrow is pointing to the tip). Figure 6 (C) shows a frame from the video channel of the bronchoscope camera, showing the falloposcope entering the ostium (arrow points to the purple Pebax of the sheath). Figure 6(D) is the view from the falloposcope wide field imaging system of the fallopian tube in reflectance mode using 638 nm light for illumination. The walls of the fallopian tube show smooth, fairly uniform reflected light whereas the lumen of the tube is a darker region. Punctate and linear light and dark pixels are artifacts of the fiber bundle.
Tissue imaging
To test the falloposcope performance on tissue, porcine fallopian tubes were acquired from local slaughterhouses in a manner approved by the University of Arizona's Institutional Animal Care and Use Committee. The fallopian tube was cut open to expose the lumen. To acquire wide field images, the falloposcope was mounted to a jig and placed 5 mm above the lumen surface. Images were acquired at video rate, example shown in Fig. 7(A) . To acquire OCT, the falloposcope without the heat shrink was placed on a coverslip pressing the mucosal side of fallopian tube flat. A longitudinal image of 4,000 A-scans/s was acquired using a linear motor. The wide field image shows some contrast in this fairly uniform tissue, which is more apparent in video mode than the still frame shown here. Punctate dark spots are fiber bundle artifact. The OCT image shows the muscle layer (M) and folding of the interior epithelial surface (E). 
Discussion
We have shown that it is possible to miniaturize and combine side-viewing OCT and forward viewing wide field imaging in a novel sub-millimeter package. Combining the optics with a sheath that is flexible and steerable at this size is a manufacturing challenge which nonetheless is achievable and potentially could be automated. We show that this prototype fits into the biopsy channel of an existing endoscope and can image both tissue models and fallopian tube tissue. This falloposcope would be used in a similar fashion to commercially available endoscopes. That is, the user would control tip articulation from the handle and feed the falloposcope distal tip forward manually while viewing a monitor displaying the image. Once inside the fallopian tubes, the wide field imaging allows navigation and visualization of the tubal epithelium. The falloposcope is compatible with multispectral imaging, which has been shown to differentiate between normal, benign, and cancerous ovary and fallopian tube tissue [16] . If a region of interest is seen, the falloposcope can be steered to bring that region into the center of the screen and to navigate slightly past. The user would then rotate the handle to place the OCT in contact with the wall, and acquire a 2D pull back or rotational OCT image. The handle could be designed with motorized, automated pull back for OCT imaging.
The side-viewing OCT is not within the field of view of the wide field imaging modality because its tip is set back in the ferrule for improved mechanical stability. However, the OCT beam exits the falloposcope at a known location, therefore it is possible to correlate its output with the wide field image. Initially, this procedure will likely require a skilled physician with an assistant to perform, but could be automated with linear and rotational motors in the proximal handle. Finding, entering and full inspection of both fallopian tubes may take up to an hour of time. A fast acting local anesthetic, lidocaine for example, administered through the hysteroscope would ameliorate fallopian tube spasm and might also be necessary for patient comfort.
While the addition of OCT adds a level of complexity, the basic clinical workflow and procedure time remains the same as for falloposcopy procedures performed in the 1990s. We improve on existing white-light endoscopes of this size, also limited to 3,000 fibers, by creating a platform that is compatible with a broad range of UV and visible illumination wavelengths. This potentially enables multispectral fluorescence imaging and obtaining information on the tissue health from endogenous chromophore concentrations. Taking multiple images at various wavelengths and creating ratiometric combined images could mitigate white-out, a complication common to all reflectance-based tissue imaging.
More work remains to be done to bring this prototype to a stage where it could be tested in the clinic. Most importantly, a cover plate needs to be added to the design to separate the GRIN material from the body. Potential solutions include a fused silica plate, or use of conventional lenses made from biocompatible material. If UV illumination wavelengths are not needed, a dip coat or adhesive potting material can be employed. The use of a dip coat or potting material could also eliminate the need for heat shrink, creating a simple and durable coating. The materials and adhesives in the current distal in vivo end were chosen to be compatible for sterilization. Sterilization tests of the complete system should be performed to assess any changes in optical or mechanical performance. It may be feasible to assemble the falloposcope at low enough cost that it could be manufactured in a sterilized environment, creating a disposable device used for one patient. Additional testing needs to be performed on the sheath to assess its ability to navigate the human fallopian tube and ovary as well as to determine its behavior in the collapsed fallopian tube. If necessary, the saline channel on the hysteroscope can be utilized and saline can be flushed through the fallopian tube to gently open it. We are also investigating the use of an everting balloon to guide the falloposcope through the fallopian tube [37] . 
